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Abstract

Barium titanate tin oxides BaTipsSng;,0; referred to as (BTSO) doped with
0.5Er’*" and co-doped with (0.75 and 1) Yb’* ions, were prepared using a mod-
ified sol-gel method and calcinated at 1050°C in the air for 4 h. The influence
of the selected rare earth element on the structure morphology, dielectric
properties behavior was investigated. From TEM micrographs, it has appeared
that the particles have a spherical shape with a small size in nanoscale. The
average particle size is determined both by TEM and XRD diffraction was
found to be in agreement and within the range between 45.9 and 57.7 nm. The
effects of Lanthanide incorporation on the evolution of these nano-crystalline
structures were followed by XRD and (FTIR). The XRD patterns give rise to a
single perovskite phase, while the tetragonality was found to decrease gradu-
ally with Er** and Er**/Yb*" ions, respectively. FTIR results showed enhance-
ment of the crystallinity and the absence of carbonates upon increasing Yb**
ions concentration from 0.75 up to 1 mol%. The dielectric and conductivity
properties were found to be enhanced by the nature and the concentration of
the lanthanide element (Er®**, Yb**) in the BTSO host lattice. The Curie tem-
perature (T.) shifted to a lower value from 117 for BTSO: 0.5Er to 93 for
BTSO: 0.5Er/1Yb and the permittivity £ increased from 3972 to 6071, so BTSO:
0.5Er/1Yb good crystalline material candidate for capacitors application due
to its higher permittivity.
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1. Introduction

Barium titanate material BaTiO; (BTO) is the most known perovskite that at-
tracts, and still does, particular interest due to its high dielectric constant and
low ferroelectric phase transition temperature compatible with a large number of
industrial applications. Especially in the electronics industry for ultrasonic de-
vices, ferroelectric memories, dielectric capacitors, resistors, as well as in filters
[1] [2]. The materials having ABO; perovskite structure were obtained wider at-
traction because of their dielectric, ferroelectric, pyroelectric, and piezoelectric
properties [3]. The ferroelectric materials having relaxor behavior exhibit a
high-frequency dispersion of dielectric permittivity [4]. BTO is a class of ABO;
perovskite structure, BTO with tetragonal perovskite structure is a good ferroe-
lectric material which has been used in different applications such as microwave
filters, mobile-communication technology resonators, and plays a major role in
microwave devices [5].

The literature survey showed that different type of substituents has been re-
ported either in Ba- or Ti-sites to improve BTO properties to satisfy the need
and requirement of new devices technology. Among these elements, we found
that the incorporation of rare earth (RE*?) ions can change the dielectric/ferroe-
lectric behaviors of BT and give rise to promising properties such as excellent
electro caloric and energy storage properties [6] [7]. Recall that BTO endorses
three types of phase transitions: Rhombohedral > Orthorhombic > Tetragonal >
Cubic phase. The ferroelectric (tetragonal) to paraelectric (cubic) phase transi-
tion occurs at 120°C and the orthorhombic to tetragonal transition occurs at
very low temperature (~5°C). Previous studies suggested that the adjusting of
the ferroelectric phase transition temperature is possible by replacing partially
titanium (Ti) with tin (Sn) [8] [9]. Further, it is shown that the introduction of
Sn in the BT matrix improves the dielectric and resistivity behaviors. Owing to
these possibilities, BaTi;_»SnsOs; (BTS) system attracts particular attention for
applications [10].

It should be mentioned that several researches works reported the presence of
a diffused phase transition in Ba(Ti;—Sny)O;, for x~0.30 with the apparition of
the relaxor characteristics [11]. Furthermore, an increase in permittivity, tuna-
bility under the biasing field, and a reduction of the low-frequency dielectric
losses were also observed.

In the present work, the emphasis is placed on the oscillator behavior of RE**
cations when it is incorporated into the BTSO matrix, noting that the lanthanide
ions (Ln*") from Sm>* to Er** have their intermediate size between Ba?* and Ti**
and they can be accommodated at any of both lattice sites (A or B), depending
on stoichiometry and their doping concentration [11]. Interestingly, Erbium (Er**)
has been widely used due to its promising technological interest, especially in
telecommunication applications [12]. However, this element is known for its
amphoteric behavior in the perovskite matrix [13] [14]. When it is in the B-sites,
the electrical and luminescence properties are improved widely. In contrast, when

it is located in the A-sites, the mentioned properties are deteriorating [13]. Thus,
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understanding the behavior of this element in a selected perovskite matrix, alone
and with other doping elements, as well as to shed light on the parameters that
could influence such behavior are of most interest before any eventual applica-
tion.

In this research, the present study aims to investigate the Er** ions presence
influence (as well as the co-presence of Er**/Yb** ions) on the structural, mor-
phology and dielectric properties of BaTi,sSn,10; (BTSO), prepared by the mod-
ified sol-gel method. The concentration effect of the lanthanide element is also
highlighted in this work using different techniques of characterizations such as
microstructural, vibrational and electrical properties. We hope that this work
will constitute a helpful contribution to understanding the behavior of Yb** ions

in a perovskite matrix.

2. Experimental Methods
2.1. Sample Preparation

Nano-structure BTSO doped with 0.5 mol% of Er** ions and co-doped with two
different concentrations of Yb*" ions 0.75 and 1 mol%, refereed as (BTSO: 0.5Er)
and (BTSO: 0.5Er0.7Yb and 1 BTSO: 0.5Er1Yb), respectively were prepared with
sol-gel method. The chemical reagents used in the present work were barium
acetate Ba(CH;COO), (Aldrich 99%), titanium (IV) n-butoxide Ti(OC,Hy), (Al-
fa Aesar 99+%). Acetyl acetone CsH;O, (Aldrich 99+%) and acetic acid (C,H4O,)
diluted with distilled water (HAc)-H,O were selected as solvents of titanium (IV)
n-butoxide and barium acetate, respectively.

Firstly, Acetic acid (C,H4O,) diluted with distilled water (HAc)-H,O and acetyl
acetone (CsHgO,) were selected as solvents of Ba(CH;COOQO), and Ti(OC,H,),
respectively. BTO; obtained after the reacting of the following two solutions the
former is for barium acetate and the last for titanium (IV) n-butoxide by stirring
for suitable time (~1 h), the gel was formed at ~130°C. Solution of SnCL-5H,O
dissolved in16 ml isopropanol (C;HsO) and stirred for 15 min referred as (tin
solution). In the next step, Tin solution was added to titanate solution and stirred
for another 15 min referred as (BTSO solution), by drying BTSO at 350°C and
annealed it at 1050°C for 4 h in air, we can get BTSO ceramic material (host ma-
terial). For preparing BTSO doped with 0.5 mol% of Er** ions a solution of 0.5
mol% of Er (NO;);-6H,O dissolved in 5 ml of (HAc)-H,O was added to the
BTSO solution and stirred for 45 min, dried at 350°C and annealed to obtained
BTSO: 0.5Er compound. Similar procedure was used for Er** and Yb** Co-doped
samples, but with the addition of Yb(NOs);-5H,O dissolved in 5ml of distilled
water. The Gel formed at ~130°C was dried, and then the densification was done
by calcination in air at 1050°C for 4 h using Muffle furnace (type Carbolite CWF

1200). Nano-structure powder samples were produced.

2.2. Characterization

2.2.1. Structural and Vibrational Analysis

X-ray Diffraction (XRD) measurements for all prepared polycrystalline samples
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were performed at room temperature using the X-ray diffractometer with Cu K4
radiation. The Crystallite Size (C.S.) was calculated by the Scherer’s equation
[15]:

C.S. = KA/ Bcosé (1)

where 1 = 1.5406 A is the wavelength, K= 0.89 is Scherer constant, the full width
at half maximum (FWHM) intensity of the peak (in radians) is B and the dif-
fracted angle is 6.

The chemical structure and function groups of all specimens were measured
at room temperature by FTIR spectroscopy (thermo Nicolet, FTIR and NEXUS)
in the range from 4000 - 400 cm™ using the potassium bromide (KBr) disc tech-
nique. The samples powders were mixed with KBr and preparing the discs, the
IR absorption spectra were measured immediately.

The internal structure of the prepared samples was observed using a Trans-
mission Electron Microscope (TEM; JEOL JEM-1230) its magnification power
reaches to 600 kx and resolving power down to 0.2 nm. And also accelerating
voltage 100 kV, can reach to 120 kV with attached CCD camera through steps.
The samples were prepared before observation by making a suspension solution
using ultrasonic water bath from dissolving powder in distilled H,O. Take a drop
of the suspension and then put into a grid of carbon and left it to dry. In TEM,
the sample is exposed to highly accelerated electrons beam. When the electrons
are passing through the sample, they interact with the material. Field emission
scanning electron microscope FESEM instrument provided with variable pres-
sure (FEI, model: Quanta 250 FEG).

2.2.2. Dielectric Measurements

For dielectric measurements, the fine ceramic powders were pressed into sam-
ples-shaped pellets having diameter of 13.09 mm and thickness of 2 mm under
pressure of 40 MPa at room temperature. To ensure good contacting, both sur-
faces of each sample were coated with silver paste, then inserted between two
conducting parallel plates (forming capacitor plates) The dielectric measure-
ments were carried out by inserting the (BaTiSnO; doped with Er** and co-doped
with Er**/Yb*" ions) samples between two conducting parallel plates forming
capacitor. Sample temperature was controlled by thermometer contact to the
sample and temperature controller. IM3570 which serves as both an LCR meter
and an Impedance Analyzer, was used to measure the dielectric properties over a
wide frequency range (10' - 10° Hz) and temperature range (—100°C to 200°C).
The dielectric properties namely; the permittivity (&), dielectric loss (&) and AC

conductivity (o, were calculated as follows:

Cd
&'=— 2
A @
g"=¢g'tand (3)
Oy = WEE" 4)

where C'is the electrical capacitance in Farad, &, is the permittivity of free space
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(8.854 x 1072 F/m), tand is the loss tangent, d is the sample thickness and A4 is
the sample surface area.

3. Results and Discussion
3.1. X-Ray Diffraction

Figure 1 shows the XRD patterns of BTSO: 0.5Er (A), BTSO: 0.5Er0.75Yb (B)
and BTSO: 0.5Er1Yb (C) powders calcinated at 1050°C for 4h in air. XRD reflec-
tions are completely matched and indexed using ICDD card N° [74-2491] with
tetragonal perovskite symmetry for BTO pure powder. As previously reported
for pure BTO and BTSO, d spacing (lattice parameters) increases as a result of
substitution of Ti** with larger ionic radius of Sn** and/or (RE**) Rare earth ele-
ments [16] [17] [18]. By focusing on the peak at theta equal to 31° it is appeared
that Er** and Yb*" doping causes no shift in the peak position. From our pre-
vious work, it is clearly indicated that Sn** is systematically dissolved in BTO lat-
tice with residuals of SnO; [19]. In the present work (Figure 1) represent BTSO
doped samples (A, B, and C), from Figure 1, it is clearly observed that SnO,
traces still present with various intensities. Also the intensities of the peaks in the
spectrum B and C increases by increasing the concentration of Yb** ions without
shift appeared in the peak positions and also without any observable phase
change. Furthermore, the principle sharp peak appeared at 26 = 31.51° dictated
the tetragonal phase presence [20], without secondary phase appearance refer-
ring to Er’* and/or Yb** ions, in the limit of device detection, so these ions sug-
gested to be completely embedded in the BTSO crystal lattice. All the obtained
values are gathered with the calculated lattice parameters in Table 1. The effect
of Yb* ions concentration on the structure of BTSO: 0.5Er could be spotted
from the Table 1. So, the lattice parameter (c) decreases while the lattice para-
meter (a) increases as the Yb’* ions concentration increase, causing a decrease in
the tetragonality ratio (c/a values). From Table 1, it is also seen that the crystal-
lite size of BTSO: 0.5Er equal to 45.9 nm which, increases to 47.20 and then to
57.7 nm by increasing the co-doped concentration from 0.75 up to 1 mol% Yb,
respectively this may be due to the substitution of Ti** ions by Er** and Yb**
ions, where, they have larger ionic radius than Ti** ions. The powder diffraction
patterns contain definite sharp peaks, representing good crystallinity for the sam-
ples. However, small shifts in the peak positions were resulted when the Yb** ca-
tions were embedded into the host BTSO: 0.5Er matrix.

Table 1. Chemical formula, calculated lattice parameters, tetragonal factor (c/a), crystallite size and Structure of nano-structure
BTSO: 0.5Er, BTSO: 0.5Er0.75Yb and BTSO: 0.5Er1Yb samples calcinated at 1050°C for 4 hours in the air.

RE?** . Lattice parameters Tetragonal C.S from
X Chemical formula Structure
Concentrations % a,b(A) c(d) factor (c/a) XRD (nm)
BTSO: 0.5Er BaTio.ss Sno. Eroos Os 3.9942 4.0120 1.0044 45.9 Tetragonal
BTSO: 0.5Er0.75Yb BaTioss2s Snot Eroos Ybo.oozsO3 4.0047 4.0192 1.0036 47.20 Tetragonal
BTSO: 0.5Er1Yb BaTio.s4 Sno.1 Eroos Yboo1Os 4.0057 4.0160 1.0025 57.70 Tetragonal
DOI: 10.4236/wjnse.2021.112002 29 World Journal of Nano Science and Engineering
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The ionic radii of Ba**, Ti*, Er** and Yb** are ~1.61, ~0.605, ~0.89 and ~0.86
A, respectively, the RE* ions site occupancy in ABO; material is well explained
based on the thermodynamic considerations and tolerance factor through Tsur
et al. [21] [22]. According to the study of Zulueta et al. [22] and Tsur et al, Er**
ions can found in both A-sites and B-sites (i.e. amphoteric effect), but basing on
other previous studies Er** and Yb** ions would occupy B-site to improve the
stability of BTO at this location [23] [24] [25] [26]. In the present work we study
the substitution of RE** ions of Er** and Yb*" in Ti-site (B-site) of BTSO nano-struc-
ture perovskite, the used concentration chemical formula are listed in Table 1.
The XRD data are completely matched with the ICDD card no [74-2491] of te-
tragonal for all samples. As shown in Figure 1. appearance of un-desirable mi-
nority phases of SnO, their percent increased by increasing co-doping concen-
tration of Yb’" ions from 0.75 up to 1 mol%. And the absence of secondary phase

referring to Er** confirms its substitution in Ti-site [24].

3.2. FTIR Analysis

FTIR spectra of all investigate samples are shown in Figure 2 and all observed
vibration modes are collected in Table 2. Noting that the absorption broad band
at 561 cm™ in the spectrum of BTSO: 0.5Eris assigned to M-O stretching vibra-
tion along the polar axis of spontaneous polarization. This mode which is the
characteristic of the Ti-O and or Sn-O (M-Q) vibration modes, becomes clearer
[27]. This band shifted to 553 and 584 cm™ in the spectrum of BTSO: 0.5Er0.75Yb
and BTSO: 0.5Er1Yb respectively. The difference appeared in band positions could
be caused by different lengths, strengths, and effective mass of the metal oxygen
bonds formed by Sn, Er, Yb in B sites of the tetragonal BaTiO; structure [28].
The weak bands at 854 and 1031 cm™ are assigned the vibration of carbonate
group (CO3™). We observed that this second band shifted to 1041 and 1043 cm™!
for BTSO: 0.5Er0.75Yb and BTSO: 0.5Er1Yb respectively [29]. However, the

weak band at 1388 cm™ is assigned to lattice carbonate attributed to CO;

Table 2. Band positions (cm™) and assignment of Infrared spectra of investigated various nano-structure BTSO: 0.5Er, BTSO:
0.5Er0.75Yb and BTSO: 0.Er1Yb calcinated at 1050°C for 4 h in the air.

Wavenumber [cm™] Wavenumber [cm™!] Wavenumber [cm™] Relative intensity Band assignments
BTSO: 0.5Er BTSO: 0.5Er0.75Yb0 BTSO: 0.5Er1Yb
561 553 584 Broad M-O stretching vibration
854 852 852 Weak COZ bending vibration
1031 1041 1043 Weak CO? bending vibration
1388 1380 1386 Weak CO?  stretching vibration
1434 1434 1434 Weak CO?  stretching vibration
1629 1629 1629 Medium O-H bending vibration
2856 2857 2857 Weak C-H stretching vibrations (CHa group)
2923 2925 2925 Medium C-H stretching vibrations (CHs group)
3442 3432 3438 Very broad O-H stretching vibration
DOI: 10.4236/wjnse.2021.112002 30 World Journal of Nano Science and Engineering
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Figure 1. The XRD patterns of BTSO: 0.5Er (A), BTSO: 0.5Er0.75Yb (B) and BTSO:
0.5Er1YD (C) nano-structure powders calcinated at 1050°C for 4 hours in the air.
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Figure 2. FTIR spectra of nano-structure BTSO: 0.5Er, BTSO: 0.5Er0.75Yb and BTSO:
0.5Er1Yb calcinated at 1050°C for 4 hours in the air.

bending vibration. It is decreased in intensity by increasing the concentration of
Yb** ions. Also, the weak band at 1434 could be assigned to the CO; ™ stretching
vibration [30]. Concerning the medium band observed at 1629 cm™ in all the
spectra, it is due to the decomposition mode of the absorbed H,O molecules
which is attributed to O-H bending vibration [31]. For the two very weak bands
at 2856 and 2923 cm™ observed in the spectrum of BTSO: 0.5Er, are assigned to
C-H stretching vibrations for CH, and CHj respectively. They have small ob-
vious intensity for doped Er** ions which decrease by increasing the concentra-
tion of co-doped Er**/Yb** ions, while the Very broad band at 3442 cm™ in the
spectrum of BTSO: 0.5Er are assigned to O-H stretching vibration modes of sur-
face adsorbed water and shifted at 3432 cm™ in the spectrum of BTSO: 0.5Er0.75Yb
[32]. As conclusion, we can detect a little bit change between the spectra of both
BTSO: 0.5Er0.75Yb and BTSO: 0.5Er1Yb due to the small difference in Yb** ions
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content (0.3 mol%).

3.3. Transmission Electron Microscope (TEM) Analysis

The BTSO: 0.5Er morphology properties as example powder can be described
based on the microstructure, as appeared in Figure 3(A) and Figure 3(B). TEM
image of BTSO: 0.5Er powders calcinated in air for 4 h at 1050°C is illustrated in

A)
hh.tif
100
Print Mag: 310000% @7.in HV=B0KV
TEM Mode: Imaging Direct Mag: 200000x

AMT Camera System

4.tif ) . 10 microns

Print Mag: 3870x @7.in HV=80kV

TEM Mode: Imaging Direct Mag: 2500x
AMT Camera System

Figure 3. TEM micrographs (A) and the electron diffraction pattern (B) of BTSO: 0.5Er
calcinated in air for 4 h at 1050°C.
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Figure 3(A). It is clearly seen some agglomerate clusters containing many small
grains with tetragonal shape that could be a signature of crystallinity properties
of samples [33]. The particle size was obtained by averaging the crystallite size
total number in the TEM (JEOL JEM-1230) micrograph. On the basis of this me-
thod, BTSO: 0.5Er powder average crystallite size was 49.4 nm, which in good
agreement with results obtained for crystallite sizes in the XRD study, possibly
resulting from the fact that the identical strain within the particles that would
induce the line broadening in XRD pattern were unfilled into account [34]. Fur-
ther, the pattern of electron diffraction selected-area (SAED) obtained from the
same sample TEM appeared in Figure 3(B). The (SAED) pattern indicates that the

examined sample is assigned to perovskite nano-structure tetragonal phase [35].

3.4. FESEM Characterization

The morphology of the samples BTSO: 0.5Er, BTSO: 0.5Er0.75Yb and BTSO:
0.5Er1Yb ceramics calcinated in air for 4 h at 1050°C were examined by the Field
Emission Scanning Electron Microscopy (FESEM) are shown in Figures 4(A)-(C)
respectively. Figure 4(A) shows the FESEM photographs associate to the sur-
faces of the BTSO: 0.5Er specimen with smaller grain sizes. Furthermore, some

larger grains sizes are clearly observed from Figure 4(B) and Figure 4(C), the

Figure 4. FESEM micrograph of nano-structure BTSO: 0.5Er (A), BTSO: 0.5Er0.75Yb (B)
BTSO: 0.5Er1Yb (C) calcinated at 1050°C for 4 h in air.
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significant grains size increases in the diameter, which is may be attributed to

the doping with Er** and Yb** ion with larger ionic radius [36]. The average
grain size of the samples BTSO: 0.5Er, BTSO: 0.5Er 0.75Yb and BTSO: 0.5Er1Yb

were determined by linear intercept method from the surface of FESEM micro-

graphs. The grain sizes are observed in

the range between 31 and 52 nm. The grains

become more obvious with higher density by increasing concentrations.

3.5. Dielectric Studies

3.5.1. The Temperature Dependence of the Permittivity (&), at Different

Frequencies

The dielectric study of the BTSO: 0.5Er (A), BTSO: 0.5Er0.75Yb (B) BTSO:
0.5Er1Yb (C) calcinated at 1050°C for 4 h in air permittivities (&), at different
frequencies are studied for the first time Figure 5. To highlight on the effect of
doping BTSO with 0.5 mol% of Er** ions and 0.5Er’*/(0.7, 1) mol% of Yb**, the
temperature dependence of the permittivity (&) in the range between —100°C to
200°C at different frequencies (10 to 10° Hz) for the samples BTSO: 0.5Er and
BTSO: 0.5Er/1Yb calcinated in air for 4 h at 1050°C. The ionic radii for Er** and
Yb** are ~0.89 and ~0.86 A, respectively, but for Ba’*, Ti** ions are ~1.61, ~0.605

A, respectively. Therefore, £'variation for these samples showed that the partial

substitution of Ti** with Er’** and/or

Er**/Yb** ions have a prominent influence

on the dielectric properties. The two samples exhibited round shape without sharp

peak and the dielectric anomalies that correspond to three structural transitions

[thombohedral to orthorhombic (Tr.0), orthorhombic to tetragonal (To.r) and
tetragonal to cubic (Tr.c)] could be detected for both BTSO: 0.5Er and BTSO:

0.5Er/1Yb. Having in mind that the

temperature at which the structure trans-

forms from tetragonal to cubic phase (Trt.c) is well known as Curie temperature

(T.) at which the unit cell undergoes

(tetragonal) to the un polarized state

a phase transition from the polarized state

(cubic) or from the ferroelectric ionic radii

to the para-electric [37]. Upon co-doping with Er**/Yb** ions, the shape of

-

T,=T

C-T! c

]
-
BTSO,: 0.5Er/1Yb __

= 100Hz

TO-RTT-O TCT= [
—=— 100Hz L v ! !
o 1KHz ! ! 6000+
1500 44— 10KHz i

v— 100KHz !

< 1MHz i 5000
|
i

BTSO,: 0.5Er 4000+

8!

3000 +

P imimimmimimimm—mm 0

-100 -50 0 5l0 1(')0 1&0 200
Temp. (°C)

L] L] L]
-50 0 50 100 150 200

Temp. (°C)

Figure 5. The temperature dependence of the permittivity () at different frequencies for BTSO: 0.5Er and BTSO:

0.5Er/1Yb calcinated in air for 4 h at 1050°C.
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curves changed and the phase transitions temperature shifted to lower values. It
is clearly seen that the T. shifted from 117°C for BTSO: 0.5Er to 93°C BTSO:
0.5Er1Yb, respectively, which is in good accordance to tetragonality ratio calcu-
lated from XRD and also to the previously reported in literature [38]. Where
Yb** ions with larger ionic radius than Ti*" led the deformation of BTSO: 0.5Er
perovskite structure and a reduction in its tetragonality, thus inducing a drop in
the Curie temperature, and more drop induced with increasing Yb** ions doping
concentration. From our previously report about BTSO its permittivity is equal
to 2520 [19], comparing this result; the permittivity increased for BTSO: 0.5Er
and BTSO: 0.5Er1Yb, it was found to be equal to 3972 and 6071, respectively at
both the T¢ temperature and the constant frequency measured at 10* Hz. The
increase in the permittivity can be due to the modifications in the crystallite size
as seen in Table 1, resulting from Er** and Er**/Yb’" ions doping in the BTSO
structure. These results confirmed that the known results for rare earth oxides:
as they are function materials and can improve the dielectric properties of
BT-based ceramics [16].

To detect the effect of adding the sensitizer Yb** ions, the mentioned increase
in £'by co-doping with the Yb** ions content has detected and attributed to the
increase of Yb** ions concentration, where its absence may inhibit grain growth
so reduction of grain size has occurred. On the other hand, such increase in ¢€'is
related to the fact that Er** and Yb** ions have different lattice constants which
add different stress in to the lattice as shown in the preceding, Table 1 [39] [40].
The permittivity has an unexpected relaxation peak whose maximum (~181.5
and 183°C) is positioned at temperature higher than T. for both prepared sam-
ples. The reason for this hasn’t been explained before, and then it will be an open
point for future discussion. One may explain this relaxation peak to the orienta-
tion polarization of SnO, aggregated inside the ceramic whose traces appeared in
XRD analysis as shown in Figure 1. From our previously published work for
BTS and Er** doped BTS in the present work it is clearly observed that Er** subs-
titute for Ti** caused the materials’ grain growth process, besides promoting a
change of the nature of the ferroelectricto-paraelectric phase transition from
normal-like for BTSO to diffuse- and relaxor-like behavior. Moreover, when Er**
substitute for Ba?* does not show such effects [23], which confirms the substitu-

tion of Er®** in Ti-site.

3.5.2. The Variation of the Permittivity (&"), Dielectric Loss (¢"), Loss
Tangent (tand) and ac Conductivity (o4) as a Function of
Frequency at Different Temperatures

The permittivity (¢) and the loss tangent (tand) of BTSO: 0.5Er and BTSO:
0.5Er1Yb ceramics as a function of frequency at different temperature (—50°C,
0°C, 50°C, 100°C and 150°C) are shown in Figure 6 and Figure 7. From Figure
6, it is seen that (&) decreases with the increase in the frequency till 10* Hz for all
temperature degrees. Beyond the frequency 10* Hz, (¢) becomes constant at all

temperatures [41]. At low frequencies, the contribution from all polarization
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Figure 6. Variation of the permittivity (&) of nano-structure BTSO: 0.5Er and BTSO: 0.5E1/1Yb ceramics as a
function of frequency at different temperatures calcinated in the air for 4 hours at 1050°C.
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Figure 7. The frequency dependence of the dielectric loss tangent (tand) at different temperatures for BTSO:
0.5Er and BTSO: 0.5Er/1YDb calcinated in the air for 4 hours at 1050°C.

components (dipolar, space charge, electronic and ionic polarization) is possible,
giving rise to the increase in £'values. Moreover, one can attribute this trend to
the electrical field fast variation accompanying the frequency and the charge car-
rier scattering [42]. The obtained process leading to a dipole moment random
orientation accordingly decreases the (&) values. But as the frequency increases,
one or more of the mentioned components will have no longer time to orient
themselves towards the electric field, as a result of the total polarization decrease,
then &'decreases. This is a normal characteristic behavior for the dielectric mate-
rials [43].

Suddenly decrease in &'is detected at above 100°C up to 150°C, leads to a
phase transition occurred at Curie temperature (T.) at 117 and 93°C for both
prepared samples; see Figure 7. At which the samples transformed to the parae-
lectric phase (un-polarized sate) from the ferroelectric phase (polarized state).
Therefore the permanent dipole moment controlled polarization which in se-
quence affects the permittivity results from the displacement of the oxygen ions

negatively charged and titanium ions positively charged from their balanced po-
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sitions (increasing displacement). For that reason, a vertical direction elongation
can be occurred bringing tetragonal phase. Then, the dielectric behavior of te-
tragonal BTSO: 0.5Er and BTSO: 0.5Er1Yb is in good agreement with that de-
scribed by XRD, see Figure 1.

Instead, by heating the samples above, its own Curie temperature (T.) and &’
are obviously decreased. This is because the formed tetragonal phase (non-
symmetric) at lower temperature transformed into cubic phase (symmetric) at
temperature higher than T, [44].

While Figure 7 shows that the nature of tand for all samples is the same as
that for &, (ie) tand at low frequency is high and steeply decreases with the fre-
quency increase till certain frequency at 10° Hz, away from this frequency the
tand gets nearly constant with the further increase in frequency of BTSO: 0.5Er
and BTSO: 0.5Er1Yb.

Moreover, the (&) decreased with the frequency increasing showing an ab-
normal dispersion. This mentioned dispersion in (&) is together with a relaxa-
tion peak in tan das shown in Figure 7. This peak intensity is slightly increased
and its maximum moved to lower frequencies by the increase in temperature for
BTSO: 0.5Er and BTSO: 0.5Er/1YD, respectively. Then it disappeared at lower
temperature than 0°C. The dispersive behavior of the (&) is mainly due to two
reasons: 1) associated mobile charge carriers and 2) the polarized structure of
the studied material.

In addition to frequency and temperature dependency, the grain boundaries
(GB), in homogeneity and domain walls have been considered as critical factors
influencing the ceramic permittivity. As reported previously, the grain bounda-
ries cause limiting the oxygen vacancies diffusion, particularly for nano fine
-grained ceramics [37]. For the present ceramics, Ti’" cations are considered as
source of oxygen vacancies [45].

In nanocrystalline materials, majority of atoms exist in the grain boundary or
in a few atomic layers from the boundary [46]. Oxide materials are reported to
contain oxygen vacancies. The oxygen vacancy is equivalent to the positive charge
and then possesses the dipole moment. In nano-structured material the defects
density is very great. Accordingly, BTSO: 0.5Er and BTSO: 0.5Er1Yb grain
boundaries should be rich in oxygen vacancies and thus should have high di-
poles density [47] [48]. Open to an external electric field, the dipoles will rotate
giving an increase in polarization of BTSO: 0.5Er and BTSO: 0.5Er1Yb. So the &’
high value in the regions of low and medium frequency can be explained for this
type of polarization.

The 0, shows maximum values at 100°C for the BTSO: 0.5Er and BTSO: 0.5Er-
1Yb ceramics and increases by increasing the frequency, as shown in Figure 8,
obeying Jonscher’s universal power law (0,.a A@’) 0uc = Oac + A’ [49]. On the
other hand, o, slightly increases by increasing the temperature, and then shows an
anomaly near the transition or Curie temperature T.. The conduction at low
temperatures in the tetragonal structure (ferroelectric phase) is due to impurities

or defects present in the sample such as oxygen vacancies which reported as the
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Figure 8. The frequency dependence of ac conductivity (ou) at different temperatures for BTSO: 0.5Er and
BTSO: 0.5Er/1Yb calcinated in the air for 4 hours at 1050°C.

most mobile ionic defects in perovskite. At higher temperature > T, the conduc-
tion is due to thermally activated ionic hopping of oxygen vacancies while the
sample structure converted from tetragonal to cubic structure (paraelectric phase).
For being Er** and Yb** ions acceptor dopants replacing titanium (Ti*') at the B-
site perovskite lattice resulting in p-type conduction. Since Er** and Yb** ions
have a different valence than Ti*" ions, substitution by each produces a charge

imbalance [50].

4. Conclusion

BaTisSn,:0; doped with 0.5 mol% Er’* ions and those co-doped with Er**/Yb**
ions, were prepared using the modified sol-gel method. From the obtained re-
sults, it is possible to establish a relationship between the structure and the di-
electric properties of doped and co-doped BaTigsSn,;05. The doped sample with
Er’* ions and those co-doped with Er**/Yb® ions affect the crystal structure by
changing the tetragonality of the crystal lattice. It affected a change in phase
transition temperature. The particle size was estimated using the Scherer equa-
tion and X-ray diffraction data. The significant grain size increases as a result of
doping as agree with the XRD results. The values of crystallite size, lattice para-
meters, from XRD increases by increasing Yb** ions concentration. The crystal-
lite size of BTSO: 0.5Er equal to 45.9 nm which increases to 47.20 then to 57.7
nm by increasing the co-doped concentration from 0.75 to 1 mol% of Yb, this
may be because substitution of Ti*" ions by Yb’* ions having a larger radius.
Characteristic bonding of BTSO: 0.5Er, BTSO: 0.5Er0.75Y bands BTSO: 0.5Er1Yb
were observed with FTIR spectroscopy. FTIR results showed enhancement in
crystallinity and absence of carbonates upon increasing Yb** ions concentration
from 0.75 up to 1 mol%. TEM micrographs display that the particles have a na-
no-structure spherical shape with a small size. The average particle Size (P.S)
from TEM of BTSO: 0.5Er is equal to 49.4 nm. These results are in agreement
with the results obtained for crystallite sizes from the XRD study. FESEM mi-

crographs of the surface and the grain sizes are observed in the range of 31 - 54
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nm. The tetragonality decreased by increasing Yb** ions concentrations giving a
more spherical shape and higher density. The observed changes in structure,
morphology, and crystallite size of BTSO upon substituting by Er** and/or Er’*/Yb**
ions, result in changing the dielectric properties. The dielectric study of the BTSO:
0.5Er (A), BTSO: 0.5Er0.75Yb (B) BTSO: 0.5Er1Yb (C) calcinated at 1050°C for
4 h in air permittivity (&), at different frequencies are studied for the first time.
The permittivity behavior for samples confirmed the existence of a tetragonal
phase for all samples, and a phase transition from a tetragonal to cubic phase at
the Curie temperature. The Curie temperature (T.) shifted to a lower value from
117 for BTSO: 0.5Er to 93 for BTSO: 0.5Er/1Yb and the permittivity &’increased
from 3972 to 6071, so BTSO: 0.5Er/1Yb good crystalline material candidate for
capacitors application due to its higher permittivity. While the Er** substitute for
Ti** caused the materials’ grain growth process, besides promoting a change of
the nature of the ferroelectric to paraelectric phase transition from normal-like
for BTSO to diffuse- and relaxor-like behavior. Moreover, when Er** substitute
for Ba®* does not show such effects which previously reported, which confirms

the substitution of Er®* in Ti-site.
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